Selected 4d and 5d transition metal ion-doped lead borate (PbO-B 2 O 3 ) and sodium borosilicate (SiO 2 -Na 2 O-B 2 O 3 ) glasses have been prepared by the melting-quenching technique and their room temperature optical properties were investigated with a view to future co-doping with lanthanide ions.
Introduction
Compared with bulk crystalline hosts, glasses have the advantages of easy fabrication, low cost, high mechanical strength, and high chemical durability. Therefore, luminescent glass materials play an indispensable role providing a wide spectral range including the ultraviolet, visible, and infrared regions.
1 Emission from glass materials can be achieved by doping lanthanide or transition metal (TM) ions into the glass host. Research has focused upon rare earth ion-doped transparent solid state materials whereas less attention has been paid to TM ion-doped materials, despite their semiconductor nature, 2 optical switching, [3] [4] [5] and a broad range of technological applications especially in lasers, phosphors, solar energy converters, plasma display panels and electronic devices. 6, 7 Furthermore, since the outer shell nd electrons are sensitive to the surrounding ligands, TM ions can be used to probe glass structure. This work is devoted to the investigation of the UV-Vis-NIR absorption and the luminescence properties of 4d (Nb, Mo, Ru and Rh) and 5d (Ta, W, Re and Ir) TM ion-doped sodium borosilicate glass, as well as the 4d (Mo and Rh) and 5d (W, Re and Ir) ion-doped lead borate glass. We have previously investigated the corresponding properties of 3d TM ion-doped glasses.
9, 10 The aims of these studies are to provide a solid understanding of the redox and spectral behaviours of TM ions in these glasses as a prerequisite to co-doping with lanthanide ions, with applications in down conversion such as for solar energy conversion. The background information of the electronic structures and spectra of the ions investigated are now briey described.
The closed-shell TM ions Nb 5+ , Ta 5+ and W 6+ in various oxides have metal-oxygen coordinated polyhedral groups contributing to photoluminescence. 11, 12 The niobium complex NbO 4 3À has been investigated as a possible blue phosphor.
13
Blue-green emission from Nb 5+ doped glasses excited by an 800 nm femtosecond laser has been ascribed to the charge transfer transition from O 2À to Nb 5+ ions. 14 Rack et al. 15 reported that Ta 2 Zn 3 O 8 thin lm emitted light at 385 nm under excitation of 236 nm UV radiation, and that 420 nm blue emission could be observed by ltering. Meng et al. 1, 16 also reported an intense blue emission centred at 420 nm from tantalum doped silicate glass with composition of (Ta 2 O 5 )(CaO) 10 (SiO 2 ) 69 (-Na 2 O) 20 
30
Following the experimental descriptions, the subsequent sections describe the absorption, emission and excitation spectra of the TM-doped glasses. In the case of the Mo-doped glasses, X-ray absorption spectra recorded with synchrotron radiation are also reported.
Experimental

Materials and synthesis
The transition metal ion doped sodium borosilicate glass samples had the following nominal compositions (in mol%): (TM) 0.5 (SiO 2 ) 49.5 (Na 2 O) 25 The components were milled, well-mixed together, and melted at 1430 C for sodium borosilicate glass or at 1000-1200 C for lead borate glass, in aluminium crucibles under air.
Samples were obtained by quenching the melts on a brass plate preheated at 300 C. The prepared glass samples were transferred immediately to be annealed at 300 C for 15 h in an ambient air atmosphere.
Instrumental methods
Room temperature diffuse reectance spectra (DRS) of the glass samples were recorded between 190-2000 nm at a resolution of 1 nm using a Perkin-Elmer Lambda 750 Spectrometer. The grating change between 860-900 nm produces a spectral artefact. We have observed in previous reports 9,10 that the quality of DRS is similar to that of transmission spectra for glasses. Room temperature excitation and emission spectra were recorded by a Horiba Jobin Yvon Fluorolog spectrophotometer using a xenon lamp as the light source and the signal was detected by a Hamamatsu R636 photomultiplier.
Photoluminescence and X-ray absorption spectra of glasses and reference compounds were measured at 295 K using the beamlines of BL03 (5-35 eV) and BL01C1 (6-33 keV), respectively, at Hsinchu National Synchrotron Radiation Research Centre (NSRRC). The XANES signals at the K-edge were very weak for lead borate glasses with TM ion concentration of 0.5 mol%, so that additional spectra were also recorded for 2 mol% Mo-doped lead borate glass. Comparison of the XANES spectra was performed aer background subtraction and normalization.
Results and discussion
Spectral data of undoped base glasses
The spectral data for the undoped glasses have previously been presented 9,10 and explained and the reader is referred to these reports. Basically, the borosilicate glass exhibits intense absorption at 298 nm and a broad emission band centred at 525 nm. The lead borate glass has strong absorption between 237 nm and 349 nm, with a broad emission peak at 470 nm.
Niobium-doped sodium borosilicate glass
The closed-shell Nb 5+ ion usually occupies octahedral sites in solids. 11 The niobium-doped sodium borosilicate glass is colourless. The DRS of (0.5Nb 2 absorption is observed at 277 nm. No visible emission was observed under excitation by an 800 nm diode laser at 600 mW power.
Tantalum-doped sodium borosilicate glass
Tantalum produces no colour in sodium borosilicate glass. The room temperature DRS of (0.5Ta 2 O 5 ) 0.5 (SiO 2 ) 49.5 (Na 2 O) 25 (B 2 O 3 ) 25 glass provides a spectrum completely coincidental with that of undoped sodium borosilicate glass, with a strong UV absorption located at 297 nm. Fig. 2 shows the room temperature excitation and emission spectra of the Ta-doped glass (0.5Ta 2 O 5 ) 0.5 (-SiO 2 ) 49.5 (Na 2 O) 25 (B 2 O 3 ) 25 . The emission band centred at 525 nm is observed under excitation of 317 nm, attributed to the host glass emission since the intensity is similar to that of the undoped sodium borosilicate glass. Emission at 420 nm is observed under excitation of 250 nm and is associated with the charge transfer transition of (TaO 6 ) 7À .
Molybdenum-doped glasses
Molybdenum produces no colour in sodium borosilicate glass. Sodium borosilicate glass containing 0.5 mol% MoO 3 reveals a prominent ultraviolet absorption band with the peak at 317 nm, and with no clear absorption bands in the visible 25 . In (i), a represents the base glass whereas b shows the Nb-doped glass. The intensities of the spectra in (ii) are not to scale whereas (iii) represents the absolute intensity for the excitation spectra of 523 nm (a) and 474 nm (b) emissions. Mo 6+ ions. 38, 39 Lead borate glasses containing Mo in the progressive range from 0.01 mol% to 2 mol% also show a redshi up to 400 nm, Fig. 3(c) inset (ii)-(iii) . The presence of compounds. Fig. 3(c) shows the corresponding emission and excitation spectra for Mo-doped lead borate glasses. The emission spectrum of PbMoO 4 is sensitive to the synthesis conditions 42 but the absence of an emission band at $520 nm shows that the molybdate tetrahedra are not linked to lead ions in the glass. 43 Using excitation wavelengths in the range from 335 nm to 350 nm in Fig. 3(c) , the emission arises from the glass matrix and it is quenched for higher molybdenum concentrations.
The Mo-doped lead borate glass was also investigated with synchrotron radiation excitation ( Fig. 3(d) ). The photoluminescence spectrum does not exhibit change with the different excitation lines and exhibits three peaks at 389, 420 and 472 nm. The excitation spectra of these emissions each display peaks at 139, 174 and 200 nm. The emission bands therefore correspond to the same species. The 183.5 nm-excited spectrum of the borosilicate glass doped with MoO 3 , Fig. 3(e) , shows three analogous bands to those of the lead borate glass, but shied and with different relative intensities. The excitation spectra of the emission bands produce only one feature, however, in contrast to Fig. 3(d) .
It is clear that Fig. 3(d) and (e) differ considerably from the published absorption spectra of bulk or thin lm-MoO 3 .
44,45
However, it is noted that the emission spectra in Fig. 3(d) and (e) are similar to the emission spectrum of MoO 3 nanoparticles deposited on thin lms using 250 nm excitation, where three major peaks are observed at 343, 411 and 470 nm. 46 The band gaps of the nanoparticles were between 3.2-3.6 eV, compared with that of bulk MoO 3 (2.9 eV). The interpretation of the spectra (and structure) of MoO 3 has not only received different viewpoints, but the spectra themselves differ considerably in literature publications. Blasse reported that bulk Mo 6+ in tetrahedral a-MoO 3 only shows very weak emission at 295 K, and at 4.2 K the maximum intensity of the broad band is at 750 nm. 47 Otherwise the structure has been described as Mo 5+ ions in distorted octahedral and other coordination environments, from electron spin resonance measurement. 48 The spectra have been assigned to exciton traps, impurities, charge transfer and/or d-electron transitions. We interpret the spectra as due to the presence of 4d 1 Mo 5+ in a distorted octahedral environment arising from loss of oxygen (also found by electron spin resonance measurements 49 ). The highest energy emission transition (at 343, 389 nm in Fig. 3(d) and (e), respectively) is then assigned to the maximum of the 2 50 (x ¼ 0.01) glass broadens and moves to lower energy as x increases up to 2 ( Fig. 4(a)-(c) ). Recently, Dong et al. 21 investigated the blue emission at 468 nm from (W 2 O 5 ) 0.5 (-Na 2 O) 20 (CaO) 15 (SiO 2 ) 65 glass with either the irradiation of an 800 nm femtosecond laser or using 256 nm monochromatic light, and they ascribed this emission to the charge transfer between the O 2À and W 6+ ions in the WO 4 2À tetrahedron.
Blasse 52 has noted that the emission from isolated tungstate groups is quenched at room temperature, although clusters emit more efficiently, and that any observed emission is related to the presence of defect centres. The weak, broad emission band between 400-700 nm in Fig. 4(c) presumably arises from one of these two reasons but the attribution is unclear. Abdelghany and co-workers have studied various W-doped glasses with or without the action of ionizing radiation [53] [54] [55] and have interpreted the presence of W 5+ and W 6+ ions.
From literature data for MWO 4 compounds (M ¼ Mg, Ca, Sr, Ba, Pb) a reasonably linear t (R 2 adj ¼ 0.9560, N ¼ 5) is obtained for our plot of charge transfer emission band maximum (between 420-470 nm) against cation crystal radius (not shown).
Rhenium-doped glasses
It was determined from vibrational spectroscopy 56 that rhenium is present in borosilicate glasses as ReO 4 À . Hence due to the absence of d-d transitions, and the high energy of the O 2À / Re 7+ charge transfer transition, 57 it was not unexpected that doping Re 2 O 7 produces no colour in sodium borosilicate glass. The Re-doped lead borate glass is pale yellow in colour when x ¼ 0.01 and 0.5. Re-doped sodium borosilicate glass shows (Fig. 5(a) ) an intense UV absorption peak at 303 nm followed by an unresolved weak band at $455 nm, and a slightly red-shied absorption edge. The weak feature at 455 nm presumably corresponds to absorption by a trace of another oxidation state of rhenium. The +6 state exhibits a charge transfer band in this region and the +4 state exhibits the 2 A 2 / 4 T 2 absorption band. The x ¼ 0.5 Re-doped lead borate glass reveals a stronger UV absorption band peaking at 355 nm ( Fig. 5(a) inset) . The spectra are therefore similar to those of the undoped glasses so that unequivocal assignments of oxidation states other than +7 are not possible from the room temperature absorption spectra.
The excitation and emission spectra of the Re-doped borosilicate glass are shown in Fig. 5(b) , with the emission band at 523 nm coming from the glass host. A near infrared band with maximum intensity at 700 nm is also observed under 303 nm and 317 nm excitation which is assigned to the 2 T 2 / 2 A 2 transition of Re 4+ . 58 3.7 Ruthenium-doped sodium borosilicate glass
The Ru-doped sodium borosilicate glass is intense yellow. Black needle-shaped dispersed precipitates were apparent with the addition of 0.5 mol% RuCl 3 in sodium borosilicate glass, indicating the excess amount of RuO 2 dispersed in the studied glass, as identied previously. 59, 60 The glass reveals a strong UV absorption progressively increasing up to a maximum at 438 nm and a shoulder at $500 nm, together with a strong absorption peak centred at 711 nm (Fig. 6) . The 438 nm band is due to tetrahedrally-coordinated hexavalent ruthenium, Ru 6+ , and appears at 465 nm in silicate glasses and at 455 nm in phosphate glasses and was assigned to a mixture of ligand and charge transfer band transitions. 28 The shoulder at 500 nm may be due to trivalent ruthenium, Ru 3+ , assigned to the 2 T 2 / 2 A 2 transition. 28, 61 The absorption band located at 711 nm in Rudoped sodium borosilicate glass is due to a spin-allowed transition of tetravalent ruthenium, Ru 4+ .
28,62
According to Mukerji, 28 the amount of Na 2 O in glasses determines the valence states of ruthenium. In silicate glasses with <25 mol% Na 2 O, ruthenium is present mainly in octahedral (Fig. 7, lower) . According to the spectral data of other rhodium(III) doped borate and silicate glasses 29 and by using the Tanabe-Sugano diagrams for the d 6 octahedral system, 63 the absorption band at 297 nm can be ascribed to Rh-doped lead borate glass with x ¼ 0.01 reveals a strong UV absorption with maximum at 360 nm, and a shoulder at 440 nm (Fig. 7, upper) . Both the borosilicate and lead borate glasses exhibit a very broad absorption from 600-2000 nm for x ¼ 0. 
Iridium-doped glasses
The Ir-doped sodium borosilicate glass is deep grey in colour, revealing a strong UV absorption followed by progressive absorption up to 2000 nm ( Fig. 8 lower spectrum) . The Ir-doped lead borate glass is yellow and black in colour when x ¼ 0.01 and 0.5, respectively. The spectrum of the sample with lower concentration shows a strong UV absorption and a shoulder at 450 nm, with an extension of the absorption to 2000 nm in the sample with higher concentration of Ir (Fig. 8, upper spectrum) . The shoulder at 450 nm can be associated with the Ir 3+ 1 A 1 / 1 T 1 transition in an oxygen-coordinated octahedral environment and the analogous spin-allowed, spin-forbidden and charge transfer transitions to those of Rh present the continuous absorption in the visible and infrared spectral regions.
65
Ion pair charge transfer has been reported for the Ir-Pb-O system. 66 
Conclusions
The study of doped glasses currently attracts attention in solar energy conversion and some new concepts and techniques have recently been suggested. [67] [68] [69] [70] [71] The vision of the present study is to utilize intense charge transfer absorption bands of TM ions for solar light absorption with the consequent efficient energy transfer to co-doped lanthanide ions with the downshied emission at an energy appropriate for a solar cell. Herein, the rst step in this direction has required the experimental investigation of TM ion-doped glasses and the interpretation of the spectra obtained. Charge transfer emission bands have been observed for Nb, Ta and Mo-doped glasses. Since these glasses also possess strong charge transfer absorption bands, the energy harvesting and transfer to co-doped lanthanide ions, namely Eu 3+ , Tb 3+ and Yb 3+ appears to be promising.
The major conclusions from this study concern the oxidation states of the species doped into the glasses. The X-ray absorption near edge spectra of Mo-doped glasses indicate that tetrahedral Mo(VI) exists in the studied lead borate or sodium borosilicate glasses. The oxidation states revealed from the diffuse reectance spectra, absorption spectra, excitation and emission spectra of the glasses are Nb(V), Ta(V), Mo(V, VI), W(VI), Re(IV,VII), Ru(III, IV, VI), Rh(III), and Ir(III). The Ru, Rh and Ir iondoped glasses show distinctive strong absorption bands and red-shied absorption edges. The use of synchrotron radiation for higher energy excitation of the Mo-doped glass has enabled additional information concerning the presence of oxidation states to be obtained, other than that from XANES and optical spectroscopy.
